We report measurements of the thermal conductivity κ on single crystalline CeRu 4 Sn 6 in the temperature range between 80 mK and 80 K, along the main crystallographic directions. κ is phonon-dominated in the whole temperature range and is found to be essentially isotropic. At low temperatures the data are well approximated by κ ∝ T 2 , which is attributed to a predominant scattering of phonons on electrons. We describe the data with a Callaway fit in the whole temperature range giving good agreement at low and high temperatures.
INTRODUCTION
Kondo insulators or Kondo semiconductors (KSs) are strongly correlated electron systems where a narrow (pseudo)gap opens at low temperatures in the electronic density of states (DOS) at the Fermi level [1] . This is a result of the hybridization of localized f electrons with the conduction p or d electrons [2] . Even though known since decades [1] , KSs remain at the forefront of condensed matter research. Recently it has been suggested that KSs may be candidates for strongly correlated materials with topologically protected surface states [3] [4] [5] . So far, experiments along these lines have focused on the cubic KS SmB 6 [6, 7] .
Here CeRu 4 Sn 6 comes into play. It has a tetragonal, non-centrosymmetric crystal structure (I42m) [8] and therefore can shed light on the role crystal symmetry plays. It was first synthesized in 1992 [9] and a development of a narrow gap was found in several physical properties [10] [11] [12] . Measurements on single crystals revealed large anisotropy in resistivity, specific heat, and thermopower [12] [13] [14] . Optical conductivity measurements and LDA+DMFT calculations attributed this to a gapping in the tetragonal plane while the out-of-plane direction stays weakly metallic [15] .
Here we report on the thermal conductivity κ of CeRu 4 Sn 6 single crystals, both along and perpendicular to the out-of-plane direction c, in the temperature range of 80 mK to 80 K.
EXPERIMENTAL
The polycrystalline starting material for the crystal growth was synthesized by melting first Ce and Ru, and subsequently the resulting Ce/Ru alloy with Sn in a horizontal water cooled copper boat using high-frequency heating. The purity of the starting materials was 99.99% for Ce (Ames Lab) and Ru, and 99.9999% for Sn. The single crystal growth was performed by the floating zone melting technique using optical heating in a four-mirror furnace of Crystal Corporation. All steps were performed under Ar 99.9999% protective atmosphere after purging several times with Ar. Since CeRu 4 Sn 6 melts incongruently we used a self-flux technique [12, 16] .
The low-temperature (80 mK -2 K) thermal conductivity was measured in a 3 He/ 4 He dilution refrigerator with a home-built setup employing a two-thermometer-one-heater technique using RuO 2 thick-film resistors as heater and thermometers. The measurements in the range 2 K to 80 K were carried out in a 4 He bath cryostat with thermocouples to measure the temperature gradient.
PHYSICAL PROPERTIES Figure 1 shows the thermal conductivity κ as a function of temperature T in the whole temperature range investigated, on both a linear (main panel) and a double-logarithmic (inset) scale. κ was measured along the out-of-plane direction c (called κ c ) and within the tetragonal plane, perpendicular to c (κ ⊥c ). We calculated the electronic part of the thermal conductivity κ WF from the electrical resistivity ρ [13] employing the Wiedemann-
isotropic, in marked contrast to other physical properties such as electrical resistivity [13] , thermopower [14] , and optical conductivity [15] .
At low temperatures κ increases strongly with increasing temperature towards a maximum of roughly κ max ≈ 6.3 Wm
κ WF is much lower than the total κ and thus κ is clearly phonon-dominated as expected in KSs. We estimate the phononic contribution κ ph as κ ph = κ − κ WF . The result is plotted in Fig. 2 , together with least-square fits to the Callaway model [17] 
where v g is the sound velocity, θ D is the Debye temperature, τ is the phonon relaxation rate,
, and the other symbols have the usual meaning. Different scattering mechanisms influence τ according to the Matthiesen's rule
The various scattering mechanisms have different dependencies on the frequency ω and subsequently lead to different temperature dependencies of κ ph . We have taken phononelectron, -boundary, -defect and Umklapp scattering processes into account. Note that we have neglected N processes here which would lead to a correction term in Eqn. 1. However the influence of these processes is expected to be small in materials with complex crystal structure. Table I lists the results of the fits. the sound velocity can be computed to be v g = 2316 m/s. With this v g the scattering times correspond to the mean free paths l ⊥c = 0.83 mm and l c = 0.77 mm. This is close to the smallest dimension of the samples and we therefore conclude that the phonons are predominantly scattered off the sample boundaries in this temperature range.
The onset of phonon-electron scattering, with the scattering rate τ −1 pe , at higher temperatures leads to a further reduction of the thermal conductivity. According to Pippard's theory [18] ,
pe is proportional to the charge carrier concentration n. From Hall effect measurements n was determined to be isotropic at both high and low temperatures [19] in agreement with the isotropic behaviour of κ in these temperature ranges. However, at intermediate temperatures, signatures of the Kondo gap opening are anisotropic [15] . This may explain the small anisotropy seen in the thermal conductivity around 10 K (hump in κ ⊥c , see Fig. 2 ).
As the gap opening is more pronounced for the plane perpendicular to c, the effect of electrons freezing out and thus disappearing as scattering partners for the phonons is more pronounced for κ ⊥c , which leads to slightly enhanced κ ⊥c values. Similar anisotropies have been found in the KSs CeNiSn and CeRhSb and have likewise been attributed to anisotropies in the energy gap [20] [21] [22] .
Above 2 K, κ ph deviates from the T 2 law to lower values. Here scattering on point defects and U processes become the dominant effects. The values of the prefactors for these processes, as listed in Tab. I, are similar to what was found in other systems [23] . However, for a quantitative discussion it is necessary to know the phonon band structure which is not available in this system. In addition, other aspects that play an important role in CeRu 4 Sn 6
and are neglected in a simple Callaway model may come into play at elevated temperatures.
CONCLUSION
In summary we have investigated single-crystalline CeRu 4 Sn 6 by means of thermal conductivity measurements in the temperature range of 80 mK to 80 K. The data are essentially isotropic in contrast to findings for other physical properties. The reason is that the thermal conductivity is dominated by its phonon contribution, even at the lowest temperature where the behaviour can be well explained by boundary and phonon-electron scattering.
This gives further support to the previous conjecture that the strongly anisotropic electrical resistivity is mostly due to anisotropies in the charge carrier mobility, with the charge carrier concentration being essentially isotropic.
